Introduction
============

Knowledge about the stability of engineered nanomaterials in aqueous systems is critical for predicting their functionality under environmental conditions. For example, for transient electronics it has become a major challenge to understand and control the factors of materials transformation in aqueous systems \[[@R1]--[@R2]\]. Under ambient conditions, nanostructured and highly dispersed metal oxides are instantaneously coated with thin water films. These films provide an unexplored reaction medium with an essentially unknown interface chemistry affecting both the structural and functional properties of oxide materials under operational conditions \[[@R3]--[@R4]\].

Among the many microscopic techniques available \[[@R5]--[@R6]\] scanning electron microscopy (SEM) and helium ion microscopy (HIM) \[[@R7]\] have been extensively employed in the fields of materials science \[[@R8]--[@R9]\]. Over the last years, HIM has developed into a high-performance alternative to the SEM. HIM is well-known for superior edge resolution reaching the low sub-nanometer range in secondary electron (SE) imaging \[[@R10]\] and excellent performance on insulating and biological samples \[[@R11]--[@R14]\]. Its extreme surface sensitivity in SE-based images \[[@R15]\] makes it very well suited for imaging of surface and interface details. Mostly deeper sample areas are affected by ion-induced damage and therefore the SE images are not directly compromised \[[@R16]\]. In addition to the high SE-yield, helium ion microscopy allows the use of low beam currents for imaging \[[@R7]\]. For biological materials and polymers, HIM is preferable to SEM for high resolution imaging due to the problems related to electron-beam-induced damage \[[@R17]\]. However, shrinkage of PMMA after helium ion imaging at 30 kV was reported \[[@R18]\], showing that also helium ions may damage soft materials by radiolysis just like low-energy (below 1 keV) electron beams. Thus, without additional damage to soft materials, HIM facilitates high resolution imaging, most importantly, without coating the samples for charge compensation. Sample charging effects that typically occur during imaging of insulating samples can be counteracted in the HIM by using a low-energy electron flood gun for charge compensation \[[@R7]\]. Although charging is a problem for MgO, in this study the flood gun was not needed because a metallic substrate was used.

Additionally, metal oxides can also be damaged by an electron beam \[[@R17]\]. Indeed, imaging metastable oxide and hydroxide nano- and mesostructures with SEM is difficult due to the effect the electron beam may have on the sample. For example, the drilling of holes into MgO smoke crystals by an electron beam was reported and different surface processes were suggested to occur \[[@R19]\]. Electron-beam irradiation can generate defects and potential nucleation sites for different transformation processes \[[@R20]\], and can thus induce the growth of thin solids such as lamellar hydroxides or hydroxide shells on top of the metal oxide cubic particles \[[@R21]\]. Because of its high resolution and surface sensitivity, HIM is particularly interesting for the characterization of reactive nanomaterials such as MgO, for which the unintended contact to residual water may become critical. For such systems, the influence of sample substrates on the chemical stability of the specimen needs to be investigated in detail.

The density mismatch that follows the conversion from MgO to Mg(OH)~2~ (from ρ~magnesia~ = 3.5 g·cm^−3^ to ρ~brucite~ = 2.3--2.4 g·cm^−3^) generates a significant volume expansion. For refractory materials, related phenomena can have desired \[[@R22]\] as well as undesired consequences for the macroscopic materials properties \[[@R23]\]. In the present study we employed this characteristic effect to trace the presence of spurious amounts of adsorbed water on the stability of MgO cubes that were chemically activated by vacuum annealing prior to the microscopy experiment.

There is growing awareness in the scientific community \[[@R24]\] that a variety of inconsistencies in nanomaterials properties reported in the literature originate from differing synthesis, processing, and environmental conditions that are experienced by particles in the different studies. This study describes the stability and transformation behavior of cubic metal oxide structures after their exposure to water in gaseous and liquid form. The influence of contact with water on the stability of morphologically well-defined MgO particle systems was investigated. We observed unexpected transformations ranging from swelling of the metal oxide nanostructure core to dissolution--recrystallization steps that give rise to the formation of hydroxides with entirely different microstructures \[[@R21]\].

Experimental
============

All images were recorded using a high vacuum Orion Plus helium ion microscope (HIM, Carl Zeiss Microscopy GmbH, Germany). The microscope is equipped with an Everhardt--Thornley (ET) detector to record secondary electron images. The acceleration voltage of the ions and the beam current were 30 kV and approx. 0.25 pA, respectively. The MgO cube powders were vacuum annealed at *T* = 1173 K for a minimum duration of one hour in order to eliminate surface adsorbates including residual hydroxyls of high thermal stability \[[@R25]\]. After breaking the vacuum, we immobilized the particles in air by pressing the powder with a spatula into a high purity indium foil of 130 μm thickness (purity 99.99%, Alfa Aesar, 12206 LOT: N17A040). This soft and conductive substrate was used as-received or dried through vacuum treatment (base pressure below 3·10^−7^ mbar) at room temperature for four days. The latter procedure was applied in order to remove physisorbed species such as weakly bound water that forms during exposure of the foil to the ambient. The shape change of the cubes was quantified by image analysis, using the edge length increase factor, defined as *L* ~2~/*L* ~1~, where *L* ~1~ and *L* ~2~ are the edge lengths before and after high-vacuum treatment in the HIM chamber, respectively. Since it is not possible to simultaneously measure the three edge lengths of the cubes, we calculated the corresponding volume increase factor, defined as (*L* ~2~/*L* ~1~)^3^. More than 45 edge lengths were measured before and after high-vacuum treatment, for both types of samples (i.e., when the indium foil was used as received or subjected to vacuum drying prior to imaging). The cubes selected for the measurements had an estimated maximum tilt angle of 30° relative to the incident ion beam. This does not change the edge length increase factor (*L* ~2~/*L* ~1~), but induces a maximum error of less than 15% in edge length (*L* ~1~). To verify that the tilt did not, indeed, affect our measurements, we measured cubes that were lying exactly flat on the surface (tilt = 0°) and found essentially the same dependence of *L* ~2~/*L* ~1~ on *L* ~1~ ([Supporting Information File 1](#SD1){ref-type="supplementary-material"}, Figure S1). After analyzing the vacuum-treated sample, it was exposed to de-ionized water for 17 h and then again investigated in the HIM to evaluate the morphological changes.

Results and Discussion
======================

Reactive water attack on MgO cubes under high vacuum (*p* \< 3·10^−7^ mbar)
---------------------------------------------------------------------------

[Fig. 1](#F1){ref-type="fig"} shows MgO cubes being partially embedded in the untreated indium foil right after the mounting procedure and after four days in the HIM vacuum chamber, respectively.

![Effect of environmental water under high-vacuum conditions. Low-magnification HIM images of MgO cubes embedded in an indium foil after (a) 1 h and (b) 4 days in the HIM chamber (chamber pressure *p* \< 3·10^−7^ mbar). Rounding of the MgO cube corners and edges is clearly visible in (b). (HIM SE images recorded at 30 kV acceleration voltage, (a) 0.3 pA beam current, 2.5·10^14^ cm^−2^ ion dose and (b) 25 kV acceleration voltage, beam current 0.1 pA, 3.0·10^14^ cm^−2^ ion dose).](Beilstein_J_Nanotechnol-07-302-g002){#F1}

After four days under high-vacuum conditions at a base pressure lower than 3·10^−7^ mbar, HIM imaging reveals that important morphological changes of the MgO cubes have occurred ([Fig. 1](#F1){ref-type="fig"}). As shown in greater detail in [Fig. 2](#F2){ref-type="fig"}, the originally sharp corner and edge features appear rounded, which is attributed to the preferential erosion of more reactive corner and edge features \[[@R21]\]. This leads to a significant loss of morphological particle definition. Moreover, the MgO cubes have expanded presumably due to the formation of MgO/Mg(OH)~2~ core--shell structures, and a thick Mg(OH)~2~ layer coats the MgO cubes, leading to a partial fusion of the particles.

![Morphological changes of MgO cubes under high-vacuum conditions. (a--c) High-magnification HIM images of MgO cubes embedded in an indium foil after 1 hour and (d--f) 4 days in the HIM chamber (chamber pressure *p* \< 3·10^−7^ mbar). Significant volume increase, rounding of the edges, and partial fusion of the particles was observed (see arrows in micrographs). (HIM SE images digitally magnified from [Fig. 1](#F1){ref-type="fig"}.)](Beilstein_J_Nanotechnol-07-302-g003){#F2}

As shown in [Fig. 3](#F3){ref-type="fig"}, the expansion of the MgO cubes is significant. We measured an average edge length increase factor *L* ~2~/*L* ~1~ of 1.14 ± 0.10 (standard deviation of the measurement) when the indium foil was used as received, where *L* ~1~ and *L* ~2~ are the edge lengths before and after high vacuum treatment, respectively. This corresponds to a volume increase factor (*L* ~2~/*L* ~1~)^3^ of 1.52 ± 0.44 (for details concerning the measurement, see the Experimental section). In the case of a complete transformation of MgO cubes into Mg(OH)~2~ cubes, a similar volume increase factor, i.e., 1.52, would be expected. The high value of the volume expansion measured is attributed to the Kirkendall effect, which has been observed many times in the case of solid-to-solid transformations \[[@R26]--[@R28]\]. Such transformations can very often lead to hollow structures due to the depletion of the reactant in the center of the nanoparticle that diffuses to react on the outside of the nanoparticle. In such cases, the volume expansion after the reaction can significantly exceed the theoretical value of a complete solid-to-solid transformation. Differences in diffusion coefficient between the reacting species (here Mg^2+^, and H~2~O molecules/hydroxide ions) are thus expected to lead to the growth of the Mg(OH)~2~ layer outwards the cubes, explaining the large increase in volume measured here. The proposed transformation process, which is schematically shown in Figure S2 of [Supporting Information File 1](#SD1){ref-type="supplementary-material"}, involves physisorbed water. This water originates from the contact of the high-purity indium foil with air and forms a thin water film in which the MgO cubes are immersed. As a reference, we measured the change in edge length of the cubes on the vacuum-dried foil and found a moderate average volume increase factor of 1.08 ± 0.14 after high-vacuum treatment.

![Quantification of morphological changes: Curves showing the edge length increase factor of MgO cubes (*L* ~2~/*L* ~1~) as a function of the edge length *L* ~1~, where *L* ~1~ and *L* ~2~ are the edge lengths before and after storage in the vacuum chamber of the HIM, respectively. (a) The indium foil was used without any further treatment. The dashed line corresponds to a full transformation of MgO into Mg(OH)~2~ (i.e., *L* ~2~/*L* ~1~ = 1.15). The dotted line corresponds to zero expansion (*L* ~2~/*L* ~1~ = 1). The *y*-error bars correspond to the uncertainty caused by the HIM measurement (pixel element size related to magnification and image resolution). The *x*-error bars correspond to the possible effect of the tilt (maximum 30° tilt, inducing a possible underestimation of the edge length of 15%). The continuous black lines (exponential fits) are shown as guides to the eye. (b) The indium foil was dried under vacuum before being used as a substrate.](Beilstein_J_Nanotechnol-07-302-g004){#F3}

Furthermore, a clear size dependence is observed as shown in [Fig. 3](#F3){ref-type="fig"}. Above approx. 250 nm edge lengths, the volume increase factor is consistently below 1.5 (i.e., edge-length increase factor ≈ 1.15), while a very large expansion can be measured for cubes with edge lengths smaller than 140 nm. For such small cubes, the volume increase factor can go up to about 2.5 (i.e., edge length increase factor ≈ 1.35). Of course, the accuracy of the HIM measurement decreases for smaller structures. However, the trend is quite clear. Such observations are in line with previous reports \[[@R21]\] showing that small MgO cubes are subject to faster dissolution as compared to larger ones.

Interestingly, contrast changes between the different imaging sessions are quite evident ([Fig. 4](#F4){ref-type="fig"}). In this Figure, MgO cubes were imaged at a different location before and after four days of vacuum treatment. While the free-standing cubes exhibit comparable contrast and sharp edges (arrow in a) and b)), the ones in contact with the indium foil show rounded edges similar as in [Fig. 1](#F1){ref-type="fig"} and [Fig. 2](#F2){ref-type="fig"}. The contrast of the cubes in contact with the foil and imaged after the four day period is quite different. Although we took great care in sample positioning, slight variations of working distance and specimen tilt could not be avoided. In addition, fluctuations in the beam current may have occurred. However, the contrast changes observed may also be indicative of chemical modifications; since SEs in the HIM are generated almost exclusively from the primary ion beam, they carry information about the surface chemistry \[[@R29]\].

![In addition to morphological changes under high-vacuum conditions, the MgO cubes embedded in the as-received indium foil after (a) 1 h and (b) 4 days in the HIM chamber (chamber pressure *p* \< 3·10^−7^ mbar) exhibit contrast changes, which are attributed to the surface chemistry. MgO cubes that are not in contact with the indium foil (marked by arrows) do not exhibit any changes. (c,d) MgO cubes in areas I--IV at higher magnification illustrating both morphological and contrast changes. (HIM SE images recorded at 30 kV acceleration voltage and (a,b) 0.3 pA beam current, 5·10^14^ cm^−2^ ion dose, (c,d) 0.3 pA beam current, 2·10^15^ cm^−2^ ion dose.)](Beilstein_J_Nanotechnol-07-302-g005){#F4}

The build-up of carbon on the sample areas during imaging may appear similar. As illustrated in \[[@R30]\], the secondary electron yield may decrease as a function of the ion dose due to the formation of carbon residues on the surface. However, in our case this effect is not predominant. First, cubes that were not in contact with the substrate did not show any swelling after the four day period (see arrows in [Fig. 4](#F4){ref-type="fig"}), and second, no morphological changes were observed when the cubes were pressed into the vacuum-annealed indium foil (Figure S3, [Supporting Information File 1](#SD1){ref-type="supplementary-material"}) and imaged with comparable total ion dose. The accumulated dose will at some point induce an unacceptable number of defects and a crystalline material will become amorphous \[[@R16]\]. It needs to be noted, though, because of the high ionicity of MgO its amorphization by ion implantation is difficult \[[@R31]\]. In this study, not more than five images per area were recorded, ensuring that the accumulated ion dose was below 5·10^15^ cm^−2^. Because the defects mainly occur close to the stopping range of the ions, which is ca. 160 nm according to the SRIM software \[[@R32]\], it is commonly considered to be an acceptable dose, because the material above the defects and the surface are unaffected \[[@R16]\].

We performed exploratory experiments to address the impact of liquid water on thermally activated MgO cubes. A comparison was performed on sample spots having cubes of different sizes put in contact with a water droplet (Figure S4, [Supporting Information File 1](#SD1){ref-type="supplementary-material"}). The sample position characterized by the image in [Fig. 5](#F5){ref-type="fig"} shows larger MgO cubes before ([Fig. 5](#F5){ref-type="fig"}) and after 17 h of exposure to liquid water ([Fig. 5](#F5){ref-type="fig"}). In that case the material exhibits the morphological changes discussed above, i.e., the evolution of a conformal hydroxide layer on top of the cubes paralleled by volume expansion. Moreover, originally sharper surface features such as cube corners and edges have become rounded in the course of this treatment. Previous studies on size-dependent dissolution effects \[[@R21]\] have revealed that hydroxide film formation limits mass transfer and, thus, may hamper the further dissolution process through the surface hydroxide \[[@R33]\]. This is consistent with the observations made on the larger cubes. An entirely different situation, however, can be found for smaller cubes that are characterized by the materials changes shown in [Fig. 5](#F5){ref-type="fig"},d. In that case microstructures composed of flower brucite sheets have emerged from the significant dissolution of smaller MgO cubes, the size of which does not prevent them from further dissolution \[[@R21]\]. As a result, the aqueous solution becomes locally supersaturated in Mg^2+^ and OH^−^ ions and lamellar Mg(OH)~2~ structures crystallize and give rise to flower-like morphologies ([Fig. 5](#F5){ref-type="fig"}) \[[@R21],[@R34]--[@R35]\]. In addition to nanostructured brucite Mg(OH)~2~, such crystal morphologies have been reported for very different materials systems such as barite (BaSO~4~) \[[@R36]\], as a mineralogical text-book system, or crystalline organic polymers such as polyimides that were grown by hydrothermal crystallization \[[@R37]--[@R38]\]. Independent of the chemical composition, nucleation is initiated at screw dislocations. Further crystallization proceeds non classically due to a strong growth anisotropy and different attachment energies for the monomer units at particular positions on the growth layer \[[@R36],[@R39]\]. The two cases of materials transformation ([Fig. 5](#F5){ref-type="fig"}), which were observed on a powder sample covered by a water droplet, clearly reveal entirely different local reaction scenarios in the absence of convective mixing. A more detailed study of these functional dependences is underway.

![Helium ion microscopy images of vapor-phase-grown MgO cubes before (a,c) and after (b,d) exposure to liquid water. The sample areas imaged in (a) and (c) are the same as the ones imaged in (b) and (d), respectively. Clearly, different types of nanostructures can result from the interaction of MgO particle surfaces with H~2~O depending on their size and distribution at the sample surface. Comparison between (a) and (b) points to the volume expansion during hydration and hydroxylation, while (c) and (d) show a probable dissolution/precipitation mechanism. (HIM SE images recorded at 30 kV acceleration voltage and (a,c) 0.3 pA beam current, 1.4·10^15^ cm^−2^ ion dose, (b,d) 0.1 pA beam current, 1.2·10^15^ cm^−2^ ion dose.)](Beilstein_J_Nanotechnol-07-302-g006){#F5}

Conclusion
==========

This work underlines the metastability of metal oxide nanostructures and reports drastic material changes during storage under high vacuum conditions. We observed significant and size-dependent volume expansion effects of the MgO cubes that were grown and processed in dry vacuum environments prior to imaging with helium ion microscopy. The volume expansions observed are attributed to surface reactions between the MgO cubes and water molecules originating as physisorbed species from an indium foil that was employed as a conductive substrate for imaging. Depending on their size the MgO-based cubes \[[@R21]\] become subject to significant volume expansion effects (up to a factor of 2.5) that are attributed to oxide transformation into hydroxides and the generation MgO/Mg(OH)~2~ core--shell structures as a result of the Kirkendall effect.

These results are significant and should be relevant for everyone working with nanomaterials under ambient and high-vacuum conditions. Conductive substrates require appropriate drying and surface cleaning prior to sample immobilization and measurement. Apart from the transformation behavior of cubic oxides such as MgO, NiO and CdO and its relevance for the synthesis of hydroxides with controlled morphologies \[[@R40]--[@R41]\], the phenomena reported herein underline the difficulties of maintaining desired nanomaterials properties during handling and processing due to their dynamic nature \[[@R24]\].
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======================
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